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A REVIEW OF THE MECHANISMS 
OF GAS OUTBURSTS IN COAL 
By David M. Hymanl 
O u t b u r s t s  a r e  sudden and v i o l e n t  r e l e a s e s  of g a s  and c o a l  t h a t  r e s u l t  
from a  complex f u n c t i o n  of geology, s t r e s s  regime, and g a s  p r e s s u r e  and 
con ten t .  The Bureau of Mines has  reviewed methods f o r  p r e d i c t i o n  and 
m i t i g a t i o n  of such o u t b u r s t s  i n  use  worldwide, a s  a n  a i d  i n  s e l e c t i n g  
t h e  p roper  t e c h n i q u e s  f o r  u s e  i n  s p e c i f i c  mine environments.  Outburs t -  
prone c o a l  may be d i s t i n g u i s h e d  from normal c o a l  by i t s  s o r p t i o n -  
d e s o r p t i o n  v e l o c i t y .  Three  t y p e s  of methods used t o  c h a r a c t e r i z e  t h e  
k i n e t i c s  of s o r p t i o n - d e s o r p t i o n  a r e  d e s c r i b e d ;  a l l  a r e  based on t h e  
a b i l i t y  of ou tburs t -p rone  c o a l  t o  r e l e a s e ,  through d e s o r p t i o n ,  methane 
o r  carbon d i o x i d e  much more r a p i d l y  t h a n  normal c o a l s .  Other  p r e d i c t i o n  
methods, based on boreho le  samples,  a r e  a l s o  desc r ibed .  
Var ious  m i t i g a t i o n  methods d e s c r i b e d  and e v a l u a t e d  i n c l u d e  (1) working 
t h e  l e a s t  s t r e s s e d ,  l e s s  d i s t u r b e d ,  lowes t  gas  c o n t e n t  seam i n  m u l t i p l e -  
seam a r e a s ;  ( 2 )  mine opening geometry;  ( 3 )  i n d u c e r  s h o t  f i r i n g ;  ( 4 )  
w a t e r  i n f u s i o n ;  (5)  l o c a l i z e d  s t r e s s  r e l i e f ,  u s i n g  boreho les  o r  by c u t -  
t i n g  a  r e l i e v e r  s l o t  i n  t h e  longwal l  f a c e ;  and ( 6 )  o t h e r  gas  d r a i n a g e  
methods. 
- 
~ e o l o ~ i s t ,  P i t t s b u r g h  Research C e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  PA. 
INTRODUCTION 
An o u t b u r s t  i s  d e f i n e d  a s  a  v i o l e n t ,  
s i m u l t a n e o u s  r e l e a s e  of g a s ( e s )  and com- 
minuted rock m a t e r i a l  i n t o  a  working f a c e  
o r  t h e  i n t e r i o r  of a  borehole .  I n  gen- 
e r a l ,  a n  o u t b u r s t  even t  has  t h e  f o l l o w i n g  
phases  ( 1 ) :  2  
1. A s t r e s s e d  volume of rock c o n t a i n -  
i n g  g a s ( e s )  i s  exposed t o  a  r a p i d  change 
of c o n f i n i n g  s t r e s s .  T h i s  rock volume 
h a s  been h i g h l y  f r a c t u r e d  a s  a  r e s u l t  
e i t h e r  of some p r e e x i s t i n g  g e o l o g i c  d i s -  
t u r b a n c e  (such a s  a  f a u l t )  o r  of mining- 
induced  s t r e s s  concent  r a t i o n .  
2. G a s ( e s )  adso rbed  i n  o r  c o n t a i n e d  i n  
s a n d s t o n e  o r  e v a p o r i t e  rocks  a r e  r a p i d l y  
r e l e a s e d  i n t o  t h e  f r a c t u r e s  , which a l -  
ready c o n t a i n  f r e e  gas.  When more g a s  
e n t e r s  t h e  f r a c t u r e  s p a c e  t h a n  can  be 
t r a n s p o r t e d  away through t h e  l e s s  p e r -  
meable rock body, a  s t a t e  of s t r e s s  due 
t o  gas  p r e s s u r e  may be reached where t h e  
rock  body cannot  c o n t a i n  t h e  i n c r e a s i n g l y  
s t r e s s e d  f r a c t u r e d  rock volume. 
3 .  When t h e  rock body can  no l o n g e r  
c o n t a i n  t h e  s t r e s s e d  and f r a c t u r e d  rock 
volume, conta inment  c e a s e s  and t h e  f r a c -  
t u r e d  rock mass and g a s ( e s )  undergo move- 
ment a s  they  a r e  d r i v e n  by t h e  gas  i n t o  a  
p r e s s u r e  s i n k ,  e.g. , a  mine open ing  o r  
bo reho le .  
4 .  A f t e r  t h e  movement of t h e  f r a c t u r e d  
rock and g a s ( e s ) ,  t h e r e  may be c o n t i n u e d  
g a s  f l o w  from t h e  f r a c t u r e d  bu t  i n - p l a c e  
rock t h a t  forms t h e  o u t b u r s t  c a v i t y .  
T h i s  gas  f low g e n e r a l l y  d e c r e a s e s  o v e r  
t ime.  
Two major t h e o r i e s - - t h e  "pocket" and 
t h e  "dynamic" theor i e s - - can  d e s c r i b e  t h e  
b a s i s  of t h e  c o a l  o u t b u r s t  mechanism. The 
pocke t  t h e o r y  h o l d s  t h a t  t h e r e  e x i s t  c e r -  
t a i n  volumes of " s o f t "  o r  c rushed  c o a l  
e n c l o s e d  by "harder"  o r  l e s s  f r a c t u r e d  
c o a l  t h a t  form r e s e r v o i r s  of gas  con- 
t a i n e d  i n  t h e  f r a c t u r e  vo id  space .  These 
c r u s h e d  c o a l  volumes a r e  a s s o c i a t e d  w i t h  
f a u l t e d  o r  s h e a r e d  zones  and w i t h  i n -  
t e n s e l y  f o l d e d  s t r a t a .  T h i s  comminuted 
- 
2 ~ n d e r l i n e d  numbers i n  p a r e n t h e s e s  r e -  
f e r  t o  i t e m s  i n  t h e  l i s t  of r e f e r e n c e s  a t  
t h e  end of  t h i s  r e p o r t .  
c o a l  h a s  l i t t l e  unconf ined  compress ive  
s t r e n g t h  and i s  s e p a r a t e d  from t h e  mine 
open ing  by a n  i n t a c t  zone of c o a l  unde r  
s u f f i c i e n t  s t r e s s  t o  become a  "permeabi l -  
i t y  dam." When mine development ap- 
p roaches  a  " s o f t  c o a l "  r e g i o n ,  a n  o u t -  
b u r s t  can  r e s u l t  i f  t h e  r e g i o n  i s  n o t  
s u f f i c i e n t l y  d r a i n e d  of f r e e  gas  and /o r  
t h e  s t r e s s e s  i n  t h e  r e g i o n  a r e  n o t  
d i s s i p a t e d  (2). 
The dynamic t h e o r y  h o l d s  t h a t  a  volume 
of r e l a t i v e l y  gassy  c o a l ,  which is  h i g h l y  
s t r e s s e d  and p e n e t r a t e d  by mining-induced 
f r a c t u r e s ,  i s  o u t b u r s t  prone.  When a  
mine open ing  and induced  s t r e s s e s  ap- 
p roach  such  a  c o a l  volume, t h e  c o a l  f r a c -  
t u r e s ,  r e l e a s i n g  h i g h - p r e s s u r e  deso rbed  
g a s ,  and t h e  c o a l  f a c e  f a i l s ,  r e s u l t i n g  
i n  a n  o u t b u r s t  (2). 
Common t o  bo th  t h e o r i e s  i s  high-gas-  
c o n t e n t  f r a c t u r e d  c o a l  t h a t  i s  a b l e  t o  
d e s o r b  gas  r a p i d l y  upon r e l e a s e  of con- 
f i n i n g  p r e s s u r e .  T h i s  r a p i d  d e s o r p t  i o n  
f e a t u r e  of o u t b u r s t - p r o n e  c o a l  i s  t h e  ba- 
s is  f o r  a  r a t h e r  e x t e n s i v e  s e t  of p r e d i c -  
t i v e  methods, which a r e  d e t a i l e d  l a t e r  i n  
t h i s  r e p o r t .  
O t h e r  a s p e c t s  of o u t b u r s t - p r o n e  c o a l  
i n c l u d e  low i n  s i t u  s t r e n g t h  due t o  f i s -  
s u r i n g ,  h i g h  f r e e - g a s  p r e s s u r e ,  and a s s o -  
c i a t i o n  w i t h  g e o l o g i c  s t r u c t u r e s  such  a s  
f r a c t u r e  zones  and i g n e o u s  d i k e s .  These  
a s p e c t s  a r e  a l s o  t h e  b a s i s  of a  v a r i e t y  
of p r e d i c t i v e  methods ( 2 ) .  
O u t b u r s t s  i n  c o a l  mines r e p r e s e n t  con- 
s i d e r a b l e  h a z a r d s .  The most immedia te  
haza rd  is  t h e  unexpec ted  i n u n d a t i o n  of 
t h e  v e n t i l a t i o n  sys t ems  w i t h  a s p h y x i a t i n g  
volumes of gas .  When methane i s  t h e  r e -  
l e a s e d  g a s ,  a n  e x p l o s i v e  h a z a r d  can  be 
c r e a t e d ,  p o s s i b l y  e x a c e r b a t e d  by e j e c t e d  
c o a l  d u s t .  The f o r c e  of t h e  r e l e a s e d  g a s  
and d i s p l a c e d  m a t e r i a l  c a n  be s u f f i c i e n t  
n o t  on ly  t o  d i s r u p t  mine v e n t i l a t i o n  b u t  
t o  d e b i l i t a t e  s t o p p i n g s  and ground con- 
t r o l  s t r u c t u r e s  such  a s  a r c h e s  and p o s t s ,  
and t o  i n j u r e  o r  k i l l  mine p e r s o n n e l .  
A d d i t i o n a l l y ,  a n  o u t b u r s t  zone  p r e s e n t s  a  
ground c o n t r o l  problem due t o  t h e  f i s s i l e  
n a t u r e  of t h e  rock t h a t  forms t h e  remain- 
i n g  o u t b u r s t  c a v i t y .  Fur the rmore ,  g a s  
may c o n t i n u e  t o  be e m i t t e d ,  and w i t h o u t  
a p p r o p r i a t e  v e n t i l a t i o n  can accumulate  i n  
t h e  o u t b u r s t  c a v i t y .  
While t h e  s c i e n t i s t  and r e s e a r c h e r  
would p r e f e r  t o  d e s c r i b e  t h e  mechanics o f  
coal-gas  o u t b u r s t  i n  v e r y  e x a c t  q u a n t i t a -  
t i v e  t e r m s ,  t h e  mining g e o l o g i s t  and 
e n g i n e e r  need t o  r e l i a b l y  f o r e s e e  t h e  
p r e c o n d i t i o n s  and p r e c u r s o r s .  The body 
of  l i t e r a t u r e  concern ing  coal-gas  ou t -  
b u r s t s  h a s  abundant works (i-?) t h a t  
r e p r e s e n t  overviews of t h e  o u t b u r s t  
phenomena a t  bo th  n a t i o n a l  and i n t e r -  
n a t i o n a l  l e v e l s .  Case s t u d i e s  of ou t -  
b u r s t s  a r e  e x t e n s i v e ,  and t h e  b i b l i o g -  
r a p h i e s  of t h e  aforement ioned r e f e r e n c e s  
c o n t a i n  numerous examples. An overview 
of some of t h e  more commonly p r a c t i c e d  
coal-gas  o u t b u r s t  p r e d i c t i o n  and preven- 
t i o n  methods used was compiled a s  a re- 
s u l t  of  Bureau of Mines r e s e a r c h .  
COAL-GAS SORPTION-DESORPTION METHODS 
A fundamental  component o f  a  coal-gas  
o u t b u r s t  is  t h e  a b i l i t y  of c o a l ,  whether  
i n  a  f r a c t u r e d  o r  r e l a t i v e l y  s o l i d  s t a t e ,  
t o  r e l e a s e  s o r b e d  g a s  f a s t  enough and i n  
a  l a r g e  enough volume t o  overcome con- 
f i n i n g  s t r e s s e s  and d r i v e  t h e  o u t b u r s t  
p r o c e s s .  Whether one s u b s c r i b e s  t o  t h e  
"pocket" t h e o r y  of o u t b u r s t  mechanism o r  
t h e  "dynamic" t h e o r y  and i t s  mathemat ical  
d e s c r i p t i o n  (91, t h e  d e s o r p t i o n  k i n e t i c s  
a r e  a t  t h e  h e a r t  of t h e  o u t b u r s t  mechan- 
i s m .  S t u d i e s  i n  West Germany (10) and  
Wales (11) s u g g e s t  t h a t  ou tburs t -p rone  
c o a l  h a s  e s s e n t i a l l y  t h e  same g a s  c o n t e n t  
and  c a p a c i t y  as normal coa l .  F i g u r e  1 
shows t h i s  a s  w e l l .  What d i s t i n g u i s h e s  
t h e  c o a l s  i n  terms of o u t b u r s t  p o t e n t i a l  
is t h e i r  s o r p t i o n - d e s o r p t i o n  v e l o c i t i e s .  
A popula r  t h e o r y  h o l d s  t h a t  o u t b u r s t -  
prone c o a l  i s  much more e x t e n s i v e l y  m i -  
c r o f i s s u r e d  t h a n  normal (non-outburs t -  
prone)  coa l .  T h i s  p e r m i t s  a  s h o r t e r  
d i f f u s i o n  p a t h  and a  h i g h e r  s u r f a c e - t o -  
volume r a t i o .  
To compare t h e  d e s o r p t i o n  r a t e s  between 
ou tburs t -p rone  and normal c o a l ,  a  g a s  
emiss ion  e q u a t i o n  and some of i t s  con- 
s t a n t s  from t h e  l i t e r a t u r e  (2, 11)  were 
used i n  t h e  f o l l o w i n g  a n a l y s i s ,  The 
emiss ion  e q u a t i o n  used  i s  A i r e y ' s  empi r i -  
c a l  r e l a t i o n s h i p  f o r  g a s  emiss ion  from 
c o a l  lumps (12) :  
- 
where 
V ( t )  = volume of methane desorbed a f t e r  
t ime  t ,  min, 
A = e q u i l i b r i u m  s o r p t i o n  c a p a c i t y  of 
c o a l  a t  g a s  p r e s s u r e ,  P, kPa, 
t o  = t ime  c o n s t a n t  min r e l a t e d  t o  c o a l  
c h i p  s i z e ,  min, 
n  = c o n s t a n t  r e l a t e d  t o  c o a l  t y p e  o r  
r a n k ,  
V L  = maximum Langmuir s o r p t i v e  c a p a c i t y  
o f  c o a l  sample ,  cm3Ig, 
ROCK MINED OR OUTBURSTED, rnt 
k  L = L a n g m i r  s t r e n g t h  of a t t r a c t i o n  
FIGURE 1.-Methane emissions trom mining events. f o r  g a s  t o  s o r b ,  kPa' '. 
The v a l u e  of t o  i s  d e f i n e d  a s  t h e  t i m e  
r e q u i r e d  f o r  t h e  s u b j e c t  c o a l  sample of a  
g i v e n  e f f e c t i v e  c h i p  s i z e  t o  d e s o r b  6 3  
p c t  of  i t s  g a s  c o n t e n t .  A c a l c u l a t e d  t o  
range  of  abou t  5  t o  15 rnin ( 1 1 )  i s  con- 
s i s t e n t  w i t h  m i c r o f i s s u r e  d e n s i t i e s  w i t h  
c o r r e s p o n d i n g  t o  v a l u e s  f o r  o u t b u r s t -  
p rone  c o a l s  (&, 12). The c o a l  c o n s t a n t ,  
n ,  had been found e m p i r i c a l l y  t o  be a b o u t  
0.5 f o r  a n t h r a c i t e ,  0.33 f o r  b i tuminous  
c o a l s ,  and 0.25 o r  l e s s  f o r  o u t b u r s t -  
p rone  coa l .  A s  s t u d i e s  have i n d i c a t e d  
t h a t  some ou tburs t -p rone  c o a l s  do n o t  
have  a  markedly d i f f e r e n t  gas  c o n t e n t  
t h a n  t h a t  of normal c o a l  i n  t h e  same 
c o a l b e d ,  t h e  same i n  s i t u  e q u i l i b r i u m  g a s  
c o n t e n t ,  A ,  w i l l  be used  i n  t h e  a n a l y s i s .  
Assuming c h a t  c o a l  c h i p s  have been ob- 
t a i n e d  f rom b o t h  a  normal c o a l  volume and  
a n  ou tburs t -p rone  zone,  t h e  r e l a t i v e  
( w i t h  r e s p e c t  t o  a  c o n s t a n t )  d e s o r p t i o n  
c u r v e s  f o r  normal b i tuminous  ( n  = 0.33, 
t o  = 60 rnin), a n t h r a c i t e  (n  = 0.5, to  
= 60 rnin), and o u t b u r s t - p r o n e  ( n  = 0.25, 
t o  = 15  min) c o a l  c h i p  samples  a r e  c a l c u -  
l a t e d  and p r e s e n t e d  a s  f i g u r e  2. A s  
shown i n  f i g u r e  2, t h e  ou tburs t -p rone  
c o a l s  i n i t i a l l y  d e s o r b  a t  a  f a s t e r  r a t e  
t h a n  normal c o a l s .  The h i g h e s t  c o n t r a s t  
i n  d e s o r p t i o n  r a t e s  o c c u r s  w i t h i n  ap- 
p rox imate ly  t h e  f i r s t  10 rnin of desorp-  
t i o n  t ime. It i s  a p p a r e n t  from t h i s  
KEY 
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FIGURE 2.-Comparison of theoretical coal chip desorption. 
s i m p l i s t i c  i l l u s t r a t i o n  t h a t  i n  o r d e r  f o r  
d e s o r p t i o n  i n d i c e s  t o  d i f f e r e n t i a t e  be- 
tween normal and ou tburs t -p rone  c o a l s ,  
t h e y  must be de te rmined  w i t h i n  t h i s  s h o r t  
s p a n  of t ime.  It a l s o  f o l l o w s  t h a i  ex- 
t r a o r d i n a r y  c a r e  must be exerc isec .  i n  
q u i c k l y  o b t a i n i n g  and p r e s e r v i n g  ( i f  
n e c e s s a r y )  c o a l  c h i p  samples f o r  t h e s e  
p r e d i c t i v e  i n d e x  d e t e r m i n a t i o n s .  One 
s h o u l d  a l s o  r e c o g n i z e  t h a t  p r e s e r v i n g  
c o a l  c h i p  samples  i n  a  p r e s s u r i z e d  cham- 
b e r  does n o t  p r e v e n t  t h e  c h i p s  from 
undergoing s t r u c t u r a l  d e g r a d a t i o n  o v e r  
t ime  ( 5 ) .  
~ h r e e  b a s i c  c l a s s e s  of t e s t s  c h a r a c t e r -  
i z e  s o r p t i o n - d e s o r p t i o n  k i n e t i c s  (?). 
The f i r s t  c l a s s  comprises  volume-desorbed 
methods,  o r  s o - c a l l e d  AV methods. One 
s u c h  method p r a c t i c e d  on a  working- 
mine-sec t ion  s c a l e  i s  t h e  V3o i n d e x  ( 1 ,  
13) .  
- 
The volume of methane e m i t t e d  
w i t h i n  t h e  f i r s t  30 rnin a f t e r  s h o t  f i r i n g  
i s  measured and normal ized t o  t h e  mass of 
c o a l  broken by t h e  s h o t .  T h i s  v a l u e  i s  
d i v i d e d  by t h e  d e s o r b a b l e  g a s  c o n t e n t  
( q d ) ,  which i s  de te rmined  by a  c o a l  c h i p  
d e s o r p t i o n  t e s t  d e s c r i b e d  l a t e r  i n  t h i s  
s e c t i o n .  Normal c o a l s  have a  V3o v a l u e  
r a n g i n g  between 0.10 and 0.17, compared 
w i t h  abou t  0.40 f o r  ou tburs t -p rone  c o a l s  
and '0.60 f o r  o u t b u r s t  c o a l s .  T h i s  i n d e x  
i s  used i n  t h e  F e d e r a l  Repub l ic  of Ger- 
many a s  p a r t  of  a  h i e r a r c h y  of t e s t s  t o  
a s s e s s  t h e  r i s k  of e n c o u n t e r i n g  an 
o u t b u r s t .  
Another  volume-type i n d e x  i s  used p r i -  
m a r i l y  i n  A u s t r a l i a  t o  p r e d i c t  t h e  r i s k  
o f  o u t b u r s t s  i n  advance of mining. Th i s  
t e s t  i s  mainly used  f o r  carbon d i o x i d e -  
c o a l  o u t b u r s t s  (4). The Hargraves  AV 
i n d e x  u s e s  a  4-g sample of d r i l l  c u t t i n g s  
s i z e d  f r o m 0 . 6  t o  1.2mm. T h e c u t t i n g s  
a r e  o b t a i n e d  f rom a  d r i l l  h o l e  and s e a l e d  
i n  a  d e s o r p t i o n  meter  w i t h i n  1  rnin o f  be- 
i n g  c u t  by t h e  d r i l l  b i t .  The desorbed  
g a s  volume i s  measured from 1  t o  6  rnin 
a f t e r  d r i l l i n g .  When t h i s  v a l u e  exceeds  
1.2 cm31g, t h e  s u b j e c t  c o a l  i s  c o n s i d e r e d  
o u t b u r s t  prone.  T h i s  t h r e s h o l d  v a l u e  i s  
g a s  s p e c i f i c  and c o l l i e r y  s p e c i f i c .  The 
u s e  of  a  s l i g h t l y  modi f i ed  AV i n d e x  w i t h  
a  s h o r t e r  o b s e r v a t i o n  p e r i o d  was a t -  
tempted i n  Belgium w i t h  some s u c c e s s .  I f  
t h e  volume of  g a s  (V1) desorbed between 
35 and 70 s a f t e r  d r i l l i n g  i s  g r e a t e r  
t h a n  0.1 cm31g, t h e r e  may be a n  o u t b u r s t  
r i s k ;  a V1 v a l u e  g r e a t e r  t h a n  0.2 cm3/g 
i n d i c a t e s  a  s e r i o u s  o u t b u r s t  r i s k  ( 7 ) .  
A r a t h e r  l a r g e  c l a s s  of o u t b u r s t  p re -  
d i c t i o n  i n d i c e s  a r e  t h e  p o p u l a r l y  known 
AP i n d i c e s .  These i n d i c e s  a r e  based on 
p r e s s u r e  changes d u r i n g  e i t h e r  d e s o r p t i o n  
o r  s o r p t i o n  t e s t s  performed on c o a l  c h i p  
samples  g e n e r a l l y  w i t h i n  t h e  0.25- t o  
0.50-mm s i z e  range. The b a s i c  AP i n d e x  
i s  t h e  APo-60 of S o v i e t  o r i g i n  (L, L). 
T h i s  i s  a  d e s o r p t i o n  t y p e  of t e s t .  
O r i g i n a l l y ,  d i f f e r e n t  c o a l  c h i p  s i z e s  
were used  f o r  d i f f e r e n t  r anks  of c o a l ,  
b u t  t h e  0.25- t o  0.50-mm c h i p  s i z e  r a n g e  
h a s  become s t a n d a r d  th rough  p r a c t i c e .  A 
3.5-g c o a l  c h i p  sample i s  p l a c e d  i n t o  a 
6.5-cm3 chamber t h a t  h a s  a  f r e e  g a s  s p a c e  
of  4 c;13. Other  workers  have used  3- t o  
lo--* samples  i n  a  chamber w i t h  4  t o  1 0  
cm3"o£ f r e e  g a s  space .  The chamber is  
t h e n  evacua ted  t o  a  n e g a t i v e  p r e s s u r e  of 
abou t  100 %Pa f o r  90 rnin t o  degas  t h e  
sample. The chamber is  t h e n  p r e s s u r i z e d  
t o  a b o u t  100 kPa w i t h  he l ium and evacu- 
a t e d ;  t h e n  t h e  p r e s s u r e  change is  moni- 
t o r e d .  A r e s u l t a n t  p r e s s u r e  r i s e  r e p r e -  
s e n t s  t h e  b a s e l i n e  c o n d i t i o n  f o r  t h e  t e s t  
p rocedure ,  a s  t h e  he l ium i s  n o t  so rbed  by 
t h e  coal .  The sample chamber i s  t h e n  
e v a c u a t e d  b e f o r e  be ing  p r e s s u r i z e d  w i t h  
methane a t  about  100 kPa f o r  90 rnin s o  a s  
t o  s a t u r a t e  t h e  c o a l  sample. A f t e r  
s a t u r a t i o n ,  t h e  sample  chamber i s  con- 
n e c t e d  t o  a n  evacua ted  chamber t o  r educe  
t h e  p r e s s u r e  i n  t h e  sample  chamber t o  a  
n e g a t i v e  100-kPa p r e s s u r e  very  r a p i d l y .  
The p r e s s u r e  rise is  t h e n  measured 10 t o  
60 s a f t e r  t h i s  chamber p r e s s u r e  reduc- 
t i o n .  The APo-60 i n d e x  is e q u a l  t o  t h e  
p r e s s u r e  r i s e  a t  6 0  s  minus t h e  b a s e l i n e  
p r e s s u r e  r i s e  f o r  t h e  assumed i n e r t  ( w i t h  
r e s p e c t  t o  s o r p t i o n  by c o a l )  helium. The 
AP10-60 i n d e x  i s  t h e  d i f f e r e n c e  between 
p r e s s u r e  r i s e s  measured a t  t h e  10- and 
60-s t ime  p e r i o d s  and i n d i c a t e s  o u t b u r s t -  
p rone  c o n d i t i o n s  when i t  is g r e a t e r  t h a n  
a b o u t  1.3 kPa. When APo-60 i s  g r e a t e r  
t h a n  2 kPa, t h e  sample i s  cons ide red  t o  
r e p r e s e n t  o u t b u r s t - p r o n e  c o n d i t i o n s .  The 
p r imary  d i s a d v a n t a g e s  of t h e  APo-60 t e s t  
a r e  t h a t  i t  is a  l abora to ry -based  d e t e r -  
m i n a t i o n  and r e q u i r e s  6  t o  8 h t o  perform 
(1) 
A v a r i a t i o n  on t h e  APo- 60 method, de- 
veloped by Lama ( 5 ) ,  - u s e s  s h o r t e r  obse r -  
v a t i o n  times t o  e v a l u a t e  t h e  s o r p t i o n  
k i n e t i c s  of c o a l  samples.  T h i s  method is  
known a s  t h e  APexpres method and c o r -  
r e l a t e s  r a t h e r  w e l l  w i t h  t h e  APo-60 
method (5 ) .  For t h e  APexpr ess  method, a  
50-g sample of c o a l  c h i p s  w i t h i n  t h e  
0.25- t o  0.50-mm s i z e  range  i s  s e a l e d  i n  
a  250-cm3 chamber. T h i s  chamber is  
evacua ted  f o r  5  rnin a t  a  n e g a t i v e  p r e s -  
s u r e  of 100 kPa. A f t e r  d e g a s s i n g ,  t h e  
sample chamber is  p r e s s u r i z e d  w i t h  meth- 
ane a t  abou t  200 kPa. The p r e s s u r e  d rop  
due t o  a d s o r p t i o n  is  t h e n  measured f o r  a  
lO-min pe r iod .  While t h e  Ape, pr e s  s i n d e x  
h a s  a  good c o r r e l a t i o n  w i t h  t h e  APo-60 
i n d e x ,  i t s  u s e f u l n e s s  a s  a n  o u t b u r s t  p re -  
d i c t i o n  h a s  no t  been demonstra ted .  If 
t h e  p r e s s u r e  d rop  c u r v e  due t o  a d s o r p t i o n  
f o r  t h e  Apexpress  method i s  examined f o r  
t h e  5- t o  lO-min t ime  i n t e r v a l ,  and t h i s  
p r e s s u r e  d r o p  v a l u e  (expressed  i n  kPa)  i s  
d i v i d e d  by 300 s ,  t h e  L1 i n d e x  r e s u l t s .  
T h i s  Li i n d e x  i s  a  measure of s o r p t i o n  
r a t e  and h a s  had some s u c c e s s  i n  d e t e c t -  
i n g  s h e a r  zones  of c o a l .  
A t h i r d  c l a s s  of  i n d i c e s  f o r  p r e d i c t i n g  
ou tburs t -p rone  c o a l  measures t h e  r a t e  of  
change o f  d e s o r p t i o n  r a t e s  o r  d e s o r p t i o n  
d e c e l e r a t i o n .  I n  t h e  F e d e r a l  Repub l ic  of  
Germany a  s e r i e s  of c a l c u l a t i o n s  is used  
t h a t  i s  based upon t h e  d e s o r p t i o n  d e c e l -  
e r a t i o n  of  boreho le  c u t t i n g s  c o l l e c t e d  
and s e a l e d  i n  a  d e s o r p t i o n  mete r  w i t h i n  
1 rnin of  c u t t i n g  (1, 14). About 10 g  of 
c o a l  c u t t i n g s  i n  t h e  0.4- t o  0.63-mm s i z e  
range a r e  c o l l e c t e d ,  and t h e  d e s o r p t i o n  
r a t e s  a r e  measured o v e r  a  5- t o  lO-min 
pe r iod .  For t h i s  t ime p e r i o d ,  a  power 
law r e l a t i o n s h i p  f o r  d e s o r p t i o n  r a t e  o v e r  
t ime i s  assumed: 
where t ime  ( t )  i s  i n  minutes .  
I f  t h i s  power law r e l a t i o n s h i p  i s  
obeyed, a p l o t  of l o g a r i t h m i c  d e s o r p t i o n  
r a t e  v e r s u s  l o g a r i t h m i c  t ime  w i l l  y i e l d  a  
s t r a i g h t  l i n e  o f  s l o p e  k. The i n t e r c e p t  
a t  t ime  = 1 rnin i s  t h e  d e s o r p t i o n  r a t e  a t  
1 min. When t h i s  i n t e r c e p t  v a l u e  i s  
m u l t i p l i e d  by a  t ime c o n s t a n t ,  which i s  a  I06 
f u n c t i o n  of c o a l  c h i p  s i z e ,  t h e  desorb-  
a b l e  g a s  c o n t e n t ,  qd ,  i s  ob ta ined .  A 
v a l u e  of qd g r e a t e r  t h a n  9  m 3 / m t  i n d i -  
c a t e s  a  s u s p e c t e d  o u t b u r s t  cond i t ion .  rn lo5 - E T h i s  q d ,  o r  d e s o r b a b l e  g a s  c o n t e n t  v a l u e ,  6 
i s  t h e  s c a l e  f o r  t h e  V30 i n d e x  d e s c r i b e d  
e a r l i e r .  Note t h a t  t h e  9-m3/mt t h r e s h o l d  2 I@ - 
f o r  ou tburs t -p rone  c o a l  i s  ve ry  c l o s e  t o  
t h e  s m a l l e s t  s p e c i f i c  emiss ion  o r  o u t -  
b u r s t  g a s  c o n t e n t  f o r  c o a l  o u t b u r s t  p re -  2 
s e n t e d  i n  f i g u r e  3. A v a l u e  of k  g r e a t e r  a lo3 
t h a n  0.75 cm3/(kg*min2) i n d i c a t e s  t h a t  
t h e  c o a l  sample i s  f rom a n  ou tburs t -p rone  
a r e a .  Normal c o a l s  have a  k  v a l u e  of 102 
a b o u t  0.65 cm3/(kg-min2). The t ime  con- 101 lo2 lo3 lo4 lo5 lo6 
s t a n t ,  A, used t o  c a l c u l a t e  qd i s  29.4 ROCK EJECTED, mt 
min f o r  t h e  0.4- t o  0.63-mm c o a l  c h i p  
s i z e  range and abou t  25 min f o r  t h e  more 
c o n v e n t i o n a l  0.25- to-0.5-mm c o a l  c h i p  
s i z e  range.  
What t h e s e  methods, and t h e  o t h e r s  de- 
s c r i b e d  i n  t h e  l i t e r a t u r e  have i n  common 
i s  a  means t o  d i f f e r e n t i a t e  o u t b u r s t -  
p rone  c o a l s  from normal c o a l s .  T h i s  i s  
based upon t h e  a b i l i t y  of t h e  former  t o  
r e l e a s e ,  through d e s o r p t i o n ,  methane 
and /o r  carbon d i o x i d e  much more r a p i d l y  
t h a n  normal c o a l s .  Such i s  t h e  b a s i s  of 
t h e  B r i t i s h  d e s o r p t i o n  r a t i o ,  where a  
s a m p l e ' s  d e s o r b a b l e  g a s  c o n t e n t  f o r  a  
c e r t a i n  t ime  p e r i o d  i s  d i v i d e d  i n t o  a  
mine-spec i f i c  r e p r e s e n t a t i v e  d e s o r p t i o n  
volume. When t h i s  r a t i o  exceeds  4, t h e n  
t h e  sample i n  q u e s t i o n  is cons ide red  t o  
r e p r e s e n t  a n  ou tburs t -p rone  zone (1). 
T h i s  p r o p e r t y  of v e r y  r a p i d  d e s o r p t i o n  
i s  a  fundamental  p r e c o n d i t i o n  t o  t h e  
FIGURE 3.-Volumes of gas released by outburst events. 
development of  g a s  and c o a l  o u t b u r s t s .  
Given c o a l  c h i p s  of a  p a r t i c u l a r  s i z e  
range (e.g. ,  0.25 t o  0.50 mm) from 
ou tburs t -p rone  c o a l  and normal c o a l ,  one 
would e x p e c t  t h e  ou tburs t -p rone  c o a l  
c h i p s  t o  have a  s m a l l e r  e f f e c t i v e  s i z e  
due t o  some p a r t i t i o n i n g  f e a t u r e  ( s u c h  a s  
m i c r o f i s s u r i n g )  i n  t h e i r  s t r u c t u r e  t h a t  
would h e l p  e x p l a i n  t h e i r  f a s t e r  desorp-  
t i o n  k i n e t i c s .  One might a l s o  e x p e c t  
t h i s  s m a l l e r  e f f e c t i v e  s i z e  t o  c o n t r i b u t e  
t o  i n c r e a s e d  f r i a b i l i t y  and lower  
s t r e n g t h  i n  comparison t o  normal c o a l  i n  
t h e  same coa lbed  (10-11). - Other  t y p e s  of  
o u t b u r s t - p r e d i c t i o n  methods a l s o  t a k e  
advan tage  o f  t h e s e  a s p e c t s .  
BOREHOLE PREDICTION METHOD 
During t h e  d r i l l i n g  of  boreho les  i n t o  
ou tburs t -p rone  z o n e s ,  d r i l l e r s  o f t e n  n o t e  
g a s  "k icks , "  i n c r e a s e d  g a s  f lows ,  and 
d i s p r o p o r t i o n a t e l y  l a r g e  volumes of  d r i l l  
c u t t i n g s  (10) .  - I n  t h e  F e d e r a l  Repub l ic  
o f  Germany, a  d r i l l - c u t t i n g s - t o - h o l e  
volume r a t i o  g r e a t e r  t h a n  about  3 : l  t o  
7 : l  i s  i n d i c a t i v e  of o u t b u r s t  c o n d i t i o n s  
i n  t h e  c o a l  p e n e t r a t e d  by t h e  d r i l l  ho le .  
The boreho le  d i a m e t e r s  ranged from 50 t o  
140 mm i n  t h e  work r e p o r t e d  . A 
French s t u d y  d i d  n o t  e s t a b l i s h  a n  o u t -  
b u r s t  r i s k  t h r e s h o l d  f o r  d r i l l  c u t t i n g  
volumes f rom 43-mm-diameter d r i l l  h o l e s  
even though 2 t o  abou t  130 times more 
c u t t i n g s  were encoun te red  t h a n  could  be 
accounted f o r  by h o l e  volume (1). S i n c e  
volume measurements of  d r i l l  c u t t i n g s  a r e  
n o t  a c c u r a t e l y  r e p r o d u c i b l e  owing t o  d i f -  
f e r e n c e s  i n  b u l k i n g  between samples ,  a  
g r a v i m e t r i c  method would be  more u s e f u l .  
A more d i r e c t  and h o p e f u l l y  more u s e f u l  
p r e d i c t i o n  method based on t h e  s h e a r e d  
and /o r  low-s t rength  q u a l i t i e s  of 
ou tburs t -p rone  c o a l  i s  p r e s e n t e d  by 
Kidyb insk i  (15-16), - whose two p a p e r s  de- 
s c r i b e  t h e  u s e  of a  boreho le  pene t romete r  
w i t h  a  c o n i c a l  t i p  t o  de te rmine  f a u l t e d  
a r e a s  and a d j a c e n t  zones  of r e l a t i v e l y  
s o f t  c o a l ,  a s  a n  o u t b u r s t  p r e d i c t i o n  
t o o l .  T h i s  u s e  of t h i s  t o o l  y i e l d s  a  
c o a l  a n d / o r  rock  s t r e n g t h  i n d e x ,  Z ,  t h a t  
i s  e q u a l  t o  t h e  a p p l i e d  t h r u s t  on t h e  
cone  d i v i d e d  by t h e  p e n e t r a t i o n  d i s t a n c e .  
MITIGATION OF 
The u l t i m a t e  method f o r  p r e v e n t i n g  a n  
o u t b u r s t  e v e n t  d u r i n g  mining i s  t o  p r e -  
d i c t  p o t e n t i a l  zones  of o u t b u r s t s  and 
a v o i d  them o r  a t  l e a s t  r educe  t h e i r  o u t -  
b u r s t  p o t e n t i a l .  A s  t h e  o u t b u r s t  mechan- 
i s m  i s  a  complex r e l a t i o n s h i p  between 
g e o l o g i c  s t r u c t u r e ,  mining-induced s t r e s -  
s e s ,  and  g a s  c o n t e n t  and p r e s s u r e ,  t h e  
removal  o r  m i t i g a t i o n  of one o r  more of 
t h e s e  e l e m e n t s  c a n  p o s s i b l y  r educe  o u t -  
b u r s t  p o t e n t i a l .  Geo log ic  s t r u c t u r e s  
s u c h  a s  f a u l t s  o r  s h e a r e d  zones  c a n  be 
a v o i d e d  t o  a  c e r t a i n  e x t e n t .  S t r e s s e s  
c a n  be reduced by changes  i n  mining 
r a t e s ,  methods,  and geometry.  Gas con- 
t e n t s  and p r e s s u r e s  c a n  be reduced by 
d r a i n a g e .  Most of t h e  methods p r a c t i c e d  
t h r o u g h o u t  t h e  wor ld  i n v o l v e  r e l i e v i n g  
s t r e s s  c o n c e n t r a t i o n s  a n d / o r  i n  s i t u  g a s  
p r e s s u r e .  
A whole-seam s t r e s s  r e d u c t i o n  method 
a p p l i c a b l e  i n  a r e a s  where s e v e r a l  minab le  
c o a l  seams o c c u r  i n  c l o s e  p r o x i m i t y  i s  
known a s  "working t h e  p r o t e c t i v e  seam" (I). The i d e a  behind t h i s  method i s  t o  
mine t h e  l e a s t  s t r e s s e d ,  a n d / o r  l o w e s t  
g a s  c o n t e n t ,  a n d / o r  l e a s t  d i s t u r b e d  c o a l -  
bed of  t h o s e  i n  a  mul t ip l e - seam c o n f i g u r -  
a t i o n .  It i s  p r e f e r r e d  t o  mine a s  a  pro-  
t e c t i v e  seam a n  o v e r l y i n g  o n e ,  i n s t e a d  of  
a n  u n d e r l y i n g  o n e ,  u n l e s s  t h e  o u t b u r s t  
problems a r e  more s e v e r e  t h a n  t h e  ground 
c o n t r o l  problems due t o  s u b s i d e n c e  f rom 
undermining.  I f  c o n d i t i o n s  p e r m i t ,  t h e  
p i l l a r s  cou ld  be super imposed f o r  t h e  
p r o t e c t i v e  and o u t b u r s t - p r o n e  seams s o  a s  
n o t  t o  d e f e a t  t h e  s t r e s s - r e l i e f  a s p e c t  of 
t h i s  p r o t e c t i v e  method. Mining t h e  p ro -  
t e c t i v e  seam c a n  a l s o  i n d u c e  some f i s s u r -  
i n g  and t h u s  p o t e n t i a l l y  d r a i n  some por -  
t i o n  of  t h e  g a s  i n  t h e  o u t b u r s t - p r o n e  
seam. Not o n l y  does  t h e  g a s  d r a i n a g e  e f -  
f e c t  t e n d  t o  h e l p  lower  t h e  o v e r a l l  g a s  
c o n t e n t  of  t h e  o u t b u r s t - p r o n e  seam, i t  
a l s o  can  h e l p  l e s s e n  t h e  magni tude  of  
t h e  d e s o r p t i o n  r a t e  by a l l o w i n g  t h e  
I n  t e s t s  a t  t h r e e  mines ,  t h e  c o a l  
s t r e n g t h  was found t o  be r e l a t e d  t o  i n  
s i t u  gas  p r e s s u r e s .  Some p r e l i m i n a r y  
e m p i r i c a l  r e l a t i o n s h i p s  were deve loped ,  
bu t  more r e s e a r c h  i s  r e q u i r e d  t o  deve lop  
a  more d e f i n i t i v e  r e l a t i o n s h i p .  
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d e s o r p t i o n  p r o c e s s  t o  b e g i n  p r i o r  t o  min- 
ing .  The o v e r a l l  e f f e c t  of mining a  pro- 
t e c t i v e  seam i s  t o  r educe  t h e  s t r e s s  and 
g a s  dynamic p o t e n t i a l  f i e l d s  of  t h e  
o u t b u r s t - p r o n e  seam (17) .  Thus ,  i t  i s  no 
s u r p r i s e  t h a t  t h i s  method i s  one of t h e  
most e f f e c t i v e  methods of r e d u c i n g  o u t -  
b u r s t i n g  p r o b a b i l i t y .  U n f o r t u n a t e l y ,  
t h i s  method i s  a p p l i c a b l e  o n l y  i n  m u l t i -  
seam c o n f i g u r a t i o n s .  I n  s ing le - seam con- 
f i g u r a t i o n s ,  o t h e r  methods must be 
employed t o  r e a c h  t h e  same end of reduc-  
i n g  t h e  s t r e s s  and g a s  dynamic p o t e n t i a l  
f i e l d s  of a n  o u t b u r s t - p r o n e  coa lbed .  
Given a n  o u t b u r s t - p r o n e  c o a l b e d ,  a  
v a r i e t y  of methods have  been p r a c t i c e d  t o  
r e l i e v e  s t r e s s  c o n c e n t r a t i o n s .  Mine 
open ing  geometry c o n t r o l  i s  a  r e l a t i v e l y  
e f f e c t i v e  method. S t r e s s  c o n c e n t r a t i o n s  
a r e  g r e a t e r  a t  t h e  f a c e  of a  s i n g l e  
h e a d i n g  o r  roadway t h a n  a l o n g  a  l o n g w a l l  
f a c e .  R e t r e a t  l o n g w a l l s  a r e  l e s s  p rone  
t o  o u t b u r s t s  t h a n  advanc ing  l o n g w a l l s .  
P i l l a r  e x t r a c t i o n  i s  l e s s  p rone  t o  o u t -  
b u r s t i n g  t h a n  r e t r e a t i n g  l o n g w a l l s ,  b u t  
t h i s  may be due  t o  d e g a s s i n g  more t h a n  t o  
s t r e s s  r e l i e f .  The most o u t b u r s t - p r o n e  
mining o p e r a t i o n  i s  when a  h e a d i n g  o r  
t u n n e l  moves f rom one c o a l  seam t h r o u g h  a  
rock i n t e r b u r d e n  t o  a n  a d j a c e n t  c o a l  seam (4). I n  g e n e r a l ,  l o n g w a l l  mining methods 
w i t h  g a t e  r o a d s  n o t  developed more t h a n  2 
m ahead  of a n  advanc ing  l o n g w a l l  f a c e  a r e  
l e s s  l i a b l e  t o  t r i g g e r  o u t b u r s t s  t h a n  a r e  
room-and-pi l la r  mining methods ( 1 ) .  
B e s i d e s  mine open ing  s e v e r a l  
s t r e s s - r e l i e f  measures  a r e  p r a c t i c e d  a t  
t h e  mine f a c e  l e v e l .  I n d u c e r  s h o t  f i r i n g  
i s  employed i n  s e v e r a l  c o u n t r i e s  t o  
r e l i e v e  s t r e s s  accumula t ions  and t o  t r i g -  
g e r  o u t b u r s t s  i n  a  r e l a t i v e l y  c o n t r o l l e d  
f a s h i o n .  One form t h a t  i n d u c e r  s h o t  f i r -  
i n g  t a k e s  i s  d e s t r e s s i n g  a t  t h e  ends  o r  
g a t e  road  f a c e s  of a  l o n g w a l l  pane l .  
T h i s  p r e c a u t i o n a r y  s h o t  f i r i n g  i n v o l v e s  
d r i l l i n g  h o l e s  ou tby  t h e  g a t e  road  f a c e s ,  
u s u a l l y  t o  a  d e p t h  of  a b o u t  3.7 t o  4.6 m ,  
a l t h o u g h  i n  Turkey h o l e s  up t o  8.3 m deep  
a r e  u s e d  (8).  These h o l e s  a r e  cha rged  
w i t h  e x p l o s i v e s .  When a n  o u t b u r s t - p r o n e  
zone  i s  p r e d i c t e d  w i t h i n  t h e  l o n g w a l l  
f a c e  a r e a ,  s h o t  f i r i n g  i s  performed by 
d e t o n a t i n g  e x p l o s i v e s  i n  b o r e h o l e s  a c r o s s  
t h e  l o n g w a l l  f a c e  on b o t h  s i d e s  of t h e  
s u s p e c t e d  zone (1). The e x p l o s i v e  
c h a r g e s  c a n  be d e t o n a t e d  e i t h e r  s imul -  
t a n e o u s l y  (camouf l e t )  f o r  maximum shock  
l o a d i n g ,  o r  w i t h  s h o r t  d e l a y s  t o  f a c i l i -  
t a t e  mucking o p e r a t i o n s .  A v a r i a t i o n  on  
t h i s  s h o t - f i r i n g  theme i s  termed p u l s e d  
i n f u s i o n  s h o t  f i r i n g .  For  t h i s  method 
b o r e h o l e s  4  t o  9  m deep  a r e  d r i l l e d ,  
cha rged  w i t h  submar ine  e x p l o s i v e s ,  f i l l e d  
and  p r e s s u r i z e d  w i t h  w a t e r ,  and  d e t o -  
n a t e d .  Although s h o t  f i r i n g  h a s  been 
u s e d  w i t h  some s u c c e s s  i n  c o n t r o l l i n g  t h e  
o c c u r r e n c e  of o u t b u r s t s  and  i n  m i t i g a t i n g  
t o  some e x t e n t  t h e  s e v e r i t y  of  f u r t h e r  
o u t b u r s t s  i n  t h e  t r e a t e d  a r e a ,  i t  i s  an  
i n h e r e n t l y  haza rdous  p r a c t i c e ;  a l s o  t h e  
d e l e t e r i o u s  e f f e c t s  o f  e x p e l l e d  c o a l  and 
g a s  due t o  o u t b u r s t i n g  s t i l l  o c c u r  and 
must be c o n s i d e r e d  when u s i n g  t h e s e  
t e c h n i q u e s .  To a  l i m i t e d  e x t e n t ,  t h e  
e r e c t i o n  o f  a  b a r r i c a d e  8  t o  15  m f rom 
t h e  f a c e  c a n  m i t i g a t e  t h e s e  d e l e t e r i o u s  
e f f e c t s .  U n f o r t u n a t e l y ,  s u c h  b a r r i c a d e s  
i n t r o d u c e  problems f o r  p o s t s h o t  f a c e  
v e n t i l a t i o n  g a s  checks  ( 4 ) .  
A  l e s s  e n e r g e t i c  method of d e s t r e s s i n g  
and f r a c t u r i n g  a n  o u t b u r s t - p r o n e  zone i n  
a  c o a l b e d  i s  th rough  w a t e r  i n f u s i o n .  
Water  i n f u s i o n  f o r  d e s t r e s s i n g  i s  a  modi- 
f i e d  fo rm o f  w a t e r  i n f u s i o n  f o r  d u s t  and 
g a s  e m i s s i o n  c o n t r o l .  It i s  performed 
where p r e d i c t i o n  methods s u c h  a s  prox- 
i m i t y  t o  a  f a u l t ,  h i g h  P O - 6 0  v a l u e s ,  o r  
d i s c h a r g e  of a l a r g e  r e l a t i v e  volume of 
d r i l l  c u t t i n g s  i n d i c a t e  a n  o u t b u r s t - p r o n e  
z  one. The i n f u s i o n  method h a s  been 
implemented i n  t h e  F e d e r a l  R e p u b l i c  of  
Germany ( 1 9 )  by d r i l l i n g  50-mm-diameter 
b o r e h o l e s a t  a  s p a c i n g  o f  t h r e e  t o  f o u r  
g a t e  road  w i d t h s  i n  t h e  s u s p e c t  zone. 
The b o r e h o l e s  a r e  d r i l l e d  i n t o  t h e  s u s -  
p e c t  zone  and g e n e r a l l y  a r e  l e s s  t h a n  10 
m f r o m  t h e  f a c e ;  depend ing  on t h e  n a t u r e  
and e x t e n t  of  t h e  s u s p e c t e d  o u t b u r s t -  
p rone  zone ,  t h e y  can  be up  t o  60 m f rom 
t h e  f a c e .  Water  i s  pumped i n t o  t h e  h o l e s  
a t  a b o u t  70 t o  100 L/min, a t  p r e s s u r e s  up 
t o  40 MPa b u t  a v e r a g i n g  11  t o  23 MPa. 
Each h o l e  p a t t e r n  i s  i n f u s e d  s e q u e n t i a l l y  
u n t i l  e i t h e r  c r a c k i n g  o r  s e p a r a t i o n  o f  
t h e  c o a l b e d  occur s .  The i n f u s e d  w a t e r  
b o t h  r e d i s t r i b u t e s  s t r e s s  and f o r c e s  f r e e  
g a s  i n  t h e  f r a c t u r e s  away f rom t h e  f a c e .  
Water  i n f u s i o n  becomes h y d r a u l i c  f  r a c t u r -  
i n g  when a  s e r i e s  of p r e s s u r e  p u l s e s  a r e  
a p p l i e d  t o  t h e  w a t e r  i n  t h e  h o l e .  A  
major  drawback t o  w a t e r  i n f u s i o n  i s  t h a t  
i t s  d e g a s s i n g  o r  g a s - d i s p l a c i n g  e f f e c t s  
a r e  r e l a t i v e l y  s h o r t - l i v e d ;  c o n s e q u e n t l y ,  
i t  must be performed f r e q u e n t l y ,  po ten -  
t i a l l y  i n t e r f e r i n g  w i t h  p r o d u c t i o n .  
L o c a l i z e d  s t r e s s  r e l i e f  c a n  be accom- 
p l i s h e d  th rough  t h e  u s e  o f  b o r e h o l e s  i n  
te rms o f  r e l i e v i n g  b o t h  l o c a l  s t r e s s  and 
g a s  p r e s s u r e .  These  s t  r e s s - r e l i e f  bore-  
h o l e s  have  d i a m e t e r s  o f  a b o u t  8 2  t o  300 
mm. An e f f e c t i v e  b o r e h o l e  d i a m e t e r  i s  
found by d r i l l i n g  h o l e s  of p r o g r e s s i v e l y  
l a r g e r  d i a m e t e r s  u n t i l  a n  e x c e s s i v e  vo- 
lume o f  c u t t i n g s  i s  d i s c h a r g e d ,  i n d i c a t -  
i n g  a  m i n i a t u r e  o u t b u r s t  e v e n t  i n  t h e  
ho le .  The r e l i e f  h o l e  s p a c i n g  i s  found 
by r e d u c i n g  b o r e h o l e  s p a c i n g  u n t i l  no  
a u d i b l e  s t r e s s  r e a d j u s t m e n t s  are h e a r d  (4) a s  t h e  h o l e s  a r e  bored.  The l e n g t h  
o f  t h e s e  b o r e h o l e s  i s  10 t o  25 m i n  ad- 
vance of t h e  f a c e .  A d d i t i o n a l l y ,  c a v i -  
t i e s  c a n  be e x c a v a t e d  a t  some d e p t h  i n  
t h e  b o r e h o l e  t o  t r i g g e r  a n  o u t b u r s t  i n  
t h e  b o r e h o l e  t o  f u r t h e r  r e l i e v e  s t r e s s  
and g a s  p r e s s u r e .  T h i s  p r a c t i c e  i s  known 
a s  " p e r f o r a t i o n "  i n  Hungary and h a s  a l s o  
been u s e d  i n  t h e  U.S.S.R. and A u s t r a l i a .  
A c o n s i d e r a b l e  drawback t o  p e r f o r a t i o n  i s  
c o n t r o l l i n g  t h e  c o a l  d u s t  and g a s  e j e c t e d  
f rom t h e  ho le .  
A  s t r e s s - r e l i e f  t e c h n i q u e  p r a c t i c e d  i n  
t h e  U.S.S.R. i s  t h e  c u t t i n g  of  a  r e l i e v e r  
s l o t  i n  t h e  l o n g w a l l  f a c e .  A  c u t t i n g  
c a b l e  saw i s  used  t o  c u t  a n  80mm s l o t  
abou t  3  t o  5  m d e e p ,  e f f e c t i v e l y  under -  
c u t t i n g  t h e  f a c e .  D i f f e r e n t  s l o t  o r i e n -  
t a t i o n s  and c u t t i n g  d e p t h s  a r e  used ,  
depending on l o c a l  c o n d i t i o n s  (17 ) .  
- 
R e l i e f  of  e x c e s s  s t r e s s  removes,  
t h r o u g h  r e d i s t r i b u t i o n ,  a  p o r t i o n  of  t h e  
t r i g g e r i n g  ene rgy  f o r  a n  o u t b u r s t .  The 
r e d u c t i o n  of  g a s  p r e s s u r e  a s  w e l l  a s  g a s  
c o n t e n t  a l s o  removes p o t e n t i a l  ene rgy  
f rom a n  o u t b u r s t - p r o n e  zone. An 
o u t b u r s t - m i t i g a t i o n  method t h e r e f o r e  r e -  
duces  g a s  p r e s s u r e  i n  a  g a s  d r a i n a g e  
bo reho l e ,  a s  w e l l  a s  reduc ing  s t r e s s  con- A ga s  d r a inage  experiment was conducted 
c e n t r a t i o n s  t o  a  l i m i t e d  e x t e n t .  i n  an  A u s t r a l i a n  coalbed con t a in ing  s h e a r  
I n  g e n e r a l ,  gas  d r a inage  boreholes  have zones t h a t  were o u t b u r s t  prone (21) .  The 
s m a l l e r  d iamete rs  (40 t o  100 mm) t han  experiment c o n s i s t e d  of d r i l l i s  t h r e e  
s t r e s s - r e l i e f  boreholes .  The s t r a t e g y  i n  100-mm-diameter h o l e s  p a r a l l e l  t o  each 
g a s  d r a inage  i s  t o  degas volumes of rock o t h e r  and s epa ra t ed  by about  10 m. The 
i n  advance of mining w i th  l a t e r a l  and h o l e s  were d r i l l e d  t o  23-, 45-, and about  
v e r t i c a l  h o l e s  i n  g a t e  roads  and f a c e s  601x1 dep ths .  The l o n g e s t  h o l e  pene t r a t ed  (6). It has  been found t h a t  open h o l e  o r  a  s h e a r  zone. Gas p r e s su re  and f lows  
f ree - f low d ra inage  i s  no t  a s  e f f e c t i v e  o r  were monitored f o r  about  140 days.  The 
e f f i c i e n t  a s  app ly ing  a  nega t i ve  p r e s s u r e  s h o r t e s t  h o l e  produced 0.35 L/min pe r  
of 7  t o  40 kPa. S tud i e s  (1, 17, 3) have meter of l e n g t h ,  t h e  45-m h o l e  produced 
shown t h a t  a p p l i c a t i o n  of a  s l i g h t  nega- about  2 L/min per  meter ,  and t h e  h o l e  
t i v e  p r e s s u r e  t o  i n c r e a s e  t h e  borehole  t h a t  pene t r a t ed  t h e  s h e a r  zone produced 
p r e s s u r e  s i n k  i nc r ea sed  gas  ou tpu t  from 63 L/min p e r  meter. The gas  p r e s s u r e  i n  
t h e  d r a inage  ho l e s  by f a c t o r s  of 2  t o  4  t h e  s h e a r  zone dropped from an  i n i t i a l  
t imes  compared w i th  f ree-f low dra inage .  410 kPa t o  about  200 kPa a f t e r  30 days 
What de te rmines  t h e  spac ing  of boreholes  and t o  about  100 kPa a f t e r  80 days. The 
i n  a  ga s  d r a inage  p l a n  i s  a  complex func- dep th  of t h e  coalbed was about  500 m ,  and 
t i o n  of coalbed pe rmeab i l i t y ,  gas  p r e s -  t h e  h o l e s  were d r a ined  wi thout  t h e  ap- 
s u r e ,  p r e s s u r e  g r a d i e n t ,  degree  of wa t e r  p l i c a t i o n  of suc t i on .  When mining i n t e r -  
s a t u r a t i o n ,  gas  dynamics of t h e  c o a l ,  and cep ted  t h i s  d r a ined  s h e a r  zone,  no ou t -  
d u r a t i o n  of d ra inage .  A Chinese expe r i -  b u r s t s  occurred.  I n  ano ther  experiment 
ment ( 1 )  invo lved  t h e  d r i l l i n g  of 22 ga s  i n  t h e  same mine, 40-kPa s u c t i o n  was ap- 
d r a i n a g e  h o l e s  of 75-mm diam i n t o  an  p l i e d  t o  bo reho l e s ,  y i e l d i n g  200- t o  400- 
ou tburs t -p rone  coalbed. These h o l e s  were p c t  i n c r e a s e s  i n  flow r a t e s .  The range 
moni tored f o r  19 months. When mining of i n f l u e n c e  f o r  d r a inage  h o l e s  i n  t h i s  
o p e r a t i o n s  pene t r a t ed  t h e  d r a ined  zone,  mine was e s t ima t ed  t o  be about  30 m. 
no o u t b u r s t  e v e n t s  occurred.  A 6- t o  7-m While no t  a l l  gas  d ra inage  e x e r c i s e s  
r a d i u s  of i n f l u e n c e  was c a l c u l a t e d ,  r e p o r t e d  i n  t h e  l i t e r a t u r e  have preven ted  
i n d i c a t i n g  t h a t  a  10- t o  15-m gas  d r a i n -  o u t b u r s t s ,  they  have been somewhat e f -  
age  h o l e  spac ing  would be e f f e c t i v e  f o r  f e c t i v e  i n  d r a i n i n g  gas  and reduc ing  
t h i s  mine. The Japanese (20)  performed a  gas  p r e s s u r e  i n  advance of mining. 
g a s  d r a inage  s tudy  i n  w h i c h  65- t o  90-mm Gas d r a inage  works b e s t  i n  o u t b u r s t  
bo reho l e s  were d r i l l e d  a t  10- t o  20- zones where t h e  c o a l  i s  crushed o r  
spac ings .  The ga s  d r a inage  was a i d e d  by comminuted, a s  i n  a  f a u l t  o r  s h e a r  
s u c t i o n .  During d r a inage ,  t e s t  h o l e s  zone. Outburst-prone zones where t h e  
were bored and gas  p r e s s u r e  and f low mea- c o a l  i s  r e l a t i v e l y  i n t a c t  a r e  not  very 
surements  were made. Mining was s t a r t e d  amenable t o  gas  d ra inage  without  t h e  
when t h e  t e s t  boreho les  showed t h a t  gas  a p p l i c a t i o n  of borehole  s t i m u l a t i o n  
p r e s s u r e s  and f lows  had been lowered. t echn iques .  
T h i s  ga s  r e d u c t i o n  occur red  a f t e r  1  t o  2  
months. 
SUMMARY AND CONCLUSIONS 
The body of s c i e n t i f i c  l i t e r a t u r e  t h a t  
d e s c r i b e s  o u t b u r s t  mechanics, precondi-  
t i o n s ,  p r e d i c t i o n  t e chn iques ,  and pre-  
v e n t i o n  o r  de f ens ive  measures i s  ex ten-  
s ive .  E f f e c t i v e  management of o u t b u r s t  
zones  r e q u i r e s  t h a t  t hey  be p r e d i c t e d  i n  
advances  of mining by g e o l o g i c a l  in -  
v e s t i g a t i o n s  t o  d e l i n e a t e  f a u l t  o r  s h e a r  
zones  and igneous i n t r u s i o n s .  A v a r i e t y  
of p h y s i c a l  t e s t i n g  methods i s  a v a i l a b l e  
t o  p r e d i c t  o u t b u r s t s ,  c e n t e r i n g  on r e l a -  
t i v e l y  r a p i d  (on t h e  o rde r  of minutes)  
d e s o r p t i o n  t e s t s .  Borehole p r e d i c t i o n  
methods r e l y  on t h e  i n s t a b i l i t y  and f i s -  
s i l e  n a t u r e  of ou tburs t -p rone  c o a l  o r  gas  
and comminuted c o a l  expu l s i ons  from bore-  
ho l e s .  A s  o u t b u r s t s  a r e  a  complex func-  
t i o n  of geology, s t r e s s  regimes,  and 
gas  c o n t e n t s ,  a v a i l a b l e  d e f e n s e s  a t t e m p t  a n  ou tburs t -p rone  zone h a s  been d e f i n e d  
t o  r e l i e v e  s t r e s s  and gas  p r e s s u r e s  once and g e o l o g i c a l l y  mapped. 
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